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Summary

Soybean seedlings were subjected to a wide range of physical (abiotic) or environmental stresses. Cloned
c¢DNAs to heat shock (hs)-induced mRNAs were used to assess whether these diverse stresses induced the
accumulation of poly(A)RNAs in common with those induced by hs. Northern blot hybridization analyses
indicated that a wide range of stress agents lead to the accumulation of detectable levels of several of the
hs-induced poly(A)RNAs; the relative concentration of those RNAs ‘induced’ by the wide range of stress
agents (e.g. water stress, salt stress, anaerobiosis, high concentrations of hormones, etc.), was generally in the
order of 100-fold lower than that induced by hs. There are two notable exceptions to that pattern of response
to the stress agents. First, arsenite treatment resulted in accumulation of the ‘hs poly(A)RNAs’ to levels
similar to those induced by hs. Cadmium also induced a somewhat normal spectrum of the ‘hs poly(A)RNAs’,
but generally lower levels accumulated than in hs- and arsenite-treated tissues. Second, one set of poly(A)-
RNAs which are present at low and variable levels in control (non-stressed tissue) tissue, and which are
increased some S- to 10-fold by hs, increased in relative concentration in response to a wide range of the stress
agents similarly to the response to hs. The physiological significance of the accumulation of this set of poly(A)-
RN As (which translate into four electrophoretically different 27 kd proteins) is not known, but they certainly
seem to serve as a monitor (or barometer) of physiological stress conditions. Cadmium treatment results in
the accumulation of those same poly(A)RNAs and an additional band of higher molecular weight poly(A)-
RNA homologous to the same hs cDNA clone (clone pCE 54). Ethylene seems to have no obvious causal
relationship to the hs response, even though hs-treated seedlings display some symptoms simiiar to those
exhibited by ethylene-treated seedlings.

Introduction

The protein synthetic system of plants responds
rapidly to the imposition of stress including anae-
robiosis and DNP treatment (34), lowering of the
water potential (24, 43), and heat shock (28). Poly-
ribosomes rapidly deplete to very lowlevels with the
completion of read-out of nascent proteins and
their release followed by the accumulation of low
levels of polyribosomes (e.g. 28, 34). There is pres-
ervation of the normal mRNAs during the stress
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treatment (34, 51, 54), and this mRNA can be recruit-
ed into active protein synthesis following relief
from the stress condition. In addition there is a
marked change in protein synthesis during the
stress treatment (4, 8, 28, 51); generally the synthe-
sis of most normal proteins is reduced, and synthe-
sis of a new set of proteins is induced. A unique set
of anaerobic proteins is induced in corn seedlings
during anaerobiosis, including alcohol dehydroge-
nase (14, 51). Rice seedlings seem to show a similar
response to anoxia as does corn (41). Heat shock
(hs) of a wide range of plant systems studied to date
results in the appearance of a new set of proteins (hs
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proteins) and depressed synthesis of most normal
proteins (4, 5, 12, 28, 53). The appearance of alco-
hol dehydrogenase during anaerobiosis and the hs
proteins during heat shock results from the produc-
tion and accumulation during the stress treatment
of mRNAs for those proteins (18, 54).

While the response to heat shock seems to be ubig-
uitous, occurring in a diverse range of organisms
from bacteria to man (3, 15, 20, 27, 35, 37, 44, 61)
including plants as noted above, the Drosophila
system is the most studied of those (3). That the heat
shock response of Drosophila relates in part to
altered patterns of transcription came from study-
ing puffingand polythene chromosomesinresponse
to elevated temperatures (50) and has since been
verified by a number of studies using molecular
approaches. The response also includes translation
controls, since hs mRN As are selectively translated
relative to the normal mRNAs which persist during
hs (55, 57).

In addition to heat shock, the Drosophila system
responds to a wide range of stress agents(e.g. DNP,
arsenite, release from anoxia) by altered puffing
patterns (13) and synthesis of the hs proteins (3). In
Tetrahymena, deciliation, release from anoxia and
hs result in the synthesis of a common set of pro-
teins (20). Amino acid analogues induce a set of
proteins in chick fibroblasts similar to those induced
by hs (27). Arsenite seems to induce a set of proteins
similar to hs proteins in a number of systems (3, 26,
32,60). These observations have led to the view that
organisms may respond to a wide range of stress
agents at the level of transcription and translation
to produce a set of proteins which provide some
kind of physiological protection or homeostatic
state (3). Certainly, the accumulation of hs proteins
during heat shock seems to provide thermal protec-
tion to otherwise non-permissive temperatures in a
wide range of organisms (2, 29, 33, 36, 37, 40, 61).

All of these observations taken together prompt-
ed us to initiate an investigation of the response of
plant tissues to a wide range of stress agents. We
wished to ascertain if some common regulatory
mechanism might respond to diverse stress signals
in plants resulting in the induction of synthesis of a
common set of mRNAs and proteins. As one ap-
proach to this analysis, cDNA clones to hs mRNAs
of soybean (54) were used to assess whether a wide
range of environmental (abiotic) stress agents in-
duce a set of mRNAs common to those induced by

hs. This approach was used as a primary evaluation
instead of analysis of in vivo synthesized proteins in
response to the stress agents because of the diffi-
culty of achieving reasonable levels of amino acid
uptake and incorporation into protein during most
of the stress treatments (e.g. DNP, water stress,
etc.). Also the hybridization of poly(A)RNAs to the
cloned hs cDNAs allows direct identification of an
mRNA induced in response to some stress agent
with a hs mRNA. Our results show that a wide
range of stress agents induce the accumulation of
some hs mRNAs similarly to hs, while some hs
mRNAs are not induced at all or only at very low
levels relative to hs by many of the stress agents
tested. Of those stress agents studied in any detail,
arsenite seems to more precisely mimic hs than the
others (this also has been verified by in vivo protein
synthesis during arsenite treatment; unpublished
data).

Materials and methods
Plant material; incubation conditions

Soybean seedlings (Glycine max variety Wayne)
were grown in moist chem-pak bags at 28 ° C in the
dark for two days (length of seedlings was 2-3 cm).
The cotyledons were removed, and the seedlings
were used for further treatments. Alternatively,
seeds were germinated in moist vermiculite for four
days (at 28 °C in the dark) with 1 cm slices of
mature hypocotyl being used for incubation. The
tissue incubations were carried out in shaking water
baths in 250 ml erlenmeyer flasks containing Solu-
tion A: 1% sucrose, 1 mM KPO, buffer pH 6.0,
50 ug/ml chloramphenicol and 10 ug/ml 2 4-di-
chlorophenoxyacetic acid, the latter only in case of
mature hypocotyl tissue. Different stress treatments
are indicated in the figure legends. In order to
achieve anaerobic conditions, N, gas was gently
bubbled into the incubation medium. Ethylene
treatment (10 parts per million in air) was achieved
as with anaerobiosis. Low water potential was
created by using different concentrations of poly-
ethylene glycol (PEG-6000). At 28°C the follow-
ing PEG-6000 concentrations gave the desired os-
motic potentials: 124 g/Kg H,0, -2 bars; 208 g/Kg
H,O0, -5 bars; 269 g/Kg H,0, -8 bars; 319 g/Kg
H,0, -11 bars; 363 g/Kg H,0, -14 bars (39).



Purification of poly(A)tRNA

Total RNA was extracted from soybean seed-
lings or excised hypocotyl tissues after 2 h incuba-
tion (unless stated differently) under control (28 ° C
in solution A) or stress conditions, according to
Silflow et al. (56), with the modification of replac-
ing the CsCl step by 3.0 M NacCl precipitation (6).
Alternatively, total RNA was extracted by the
TNS/PAS method (25) where homogenization of
the tissue was accomplished in the detergent buffer
prior to the addition of phenol. Polyadenylated
RNA was obtained from total RNA by oligo(dT)
cellulose chromatography (56), and quantitated by
[*H]-poly(U) hybridization (9).

Northern blot hybridization analysis of RNA

Polyadenylated RNA samples (1 ug) were elec-
trophoresed on 2% agarose, 6% formaldehyde gels
(47) and transferred overnight to nitrocellulose fil-
ters (59). Filters were dried, baked at 80 °C under
vacuum for 2-3 h, subsequently prehybridized at
42 °C for 3 h and hybridized overnight to selected
nick-translated ¢cDNA clones according to Baul-
combe & Key (6). The hybridization mixture was
then removed and stored at -20 ° C for further use.
The filters were washed three times in 2 X SSC,
0.19% SDS for 5-10 min each and three times in
0.1 X SSC,0.1% SDS at room temperature. Dried
filters were autoradiographed, usually overnight, at
-70°C with cronex lighting plus intensifying
screens and Kodak XR films as described by Swan-
strom & Shank (58).

Dot blot hybridization analysis of RNA

Dot blots were performed as described by Tho-
mas (59) using a hybri-dot manifold from BRL.
Nitrocellulose filters were first equilibrated with
H,O0, then 20 X SSC and placed in hybri-dot mani-
fold after removing the excess 20 X SSC. Sam-
ples of polyadenylated RNA (amounts from 0.001 -
0.1 ug in 50 ul volume of 10 to 20 X SSC) were
applied in the wells of the manifold under slight
vacuum. Subsequently, each sample well was wash-
ed with several volumes of 20 X SSC. Filters were
dried at room temperature, baked ina vacuum oven
at 80 ° Cfor2 h, prehybridized, hybridized, washed
and autoradiographed as for Northern blot filters
(described above).
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Nick translation of the plasmids

Soybean heat shock-specific cDNA clones se-
lected by in situ colony hybridization were purified
and labeled with [@-*2P] dCTP from Amersham
(s.a. 400 Ci/m mol) by nick translation (48) to a
specific activity of 4 X 107 - 10 X 107 cpm/ ug DNA.
The unincorporated nucleotide was separated from
labeled cDNA by chromatography on Sephadex
G-50 or by the Spun-column procedure (42).

Selection of stress-specific recombinant ¢DNA
clones

cDNA recombinant clones were constructed us-
ing polyadenylated RNA from heat shock hypo-
cotyl (54). The recombinant cDNA library was
screened as described by Schoffl & Key (54). The set
of transformants was grown on selective nutrient
agar plates, replicated and immobilized on several
filters for further differential replicate hybridiza-
tions. Each set of filters was hybridized to labeled
c¢DNA {a-*?P] dCTP, s.a. 400 Ci/m mol, Amer-
sham) synthesized from various polyadenylated
RNA templates isolated from soybean seedlings
treated by different environmental stresses. Clones
were selected which showed significant increase of
the signal on autoradiographs when screened with
cDNAs from several stress conditions over the sig-
nal with the control cDNA. Three such clones were
identified and used in subsequent analyses along
with those isolated previously (54).

cDNA synthesis

cDNA synthesis from polyadenylated RNA was
performed according to Silflow er al. (56) using
RNAs from tissue incubated under various stress
conditions (e.g. low water potential, anaerobiosis,
high salt concentration, 2,4-dinitrophenol). As a
control, the RNA from untreated soybean seedlings
was used. The reverse transcriptase used for cDNA
synthesis was received from Dr. J. Beard of the Na-
tional Cancer Institute.

Plasmid preparation

Plasmid DNA was obtained using the saracosyl
method (7). The procedure involved an overnight
chloramphenicol treatment of the cells before ex-
traction (21).
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Hybrid release translation

c¢DNA clones were immobilized to nitrocellulose
filters (BA85) according to Raskas & Green (46).
Hybridization of plasmid to complementary po-
ly(A)YRNA was performed as described by
McGrogan et al. (38). After several washes remov-
ing nonspecifically bound RNA, specifically bound
mRNA was eluted from the filter by thermal wash
at 85 ° C with a solution containing 0.002 M EDTA
and 10 g/ ml wheat germ tRNA. RNA to be used
for in vitro translation was ethanol precipitated
from the eluate made 0.1 M KOAc and 0.01 M

In vitro translation of hybrid selected mRNA
was carried out in the cell free wheat germ S-30
system containing placental RNAse inhibitor as
described by Key er al. (28). About 0.05 ug of
selected poly(A)TRNA was translated in the assay.

One dimensional SDS gel electrophoresis of the
translation products was done according to Laemm-
li (31) and two dimensional gel electrophoresis as
described by O’Farrell (45).

Results

Isolation of ¢DNA recombinant clones homolo-
gous to stress-specific polyadenylated RN A

The cDNA recombinant clone library construct-
ed from hs-induced poly(A)RNA of soybean (54)
was differentially screened by in situ colony hybrid-
ization with [?2P]c¢DNA probes prepared from con-
trol (28 °C) RNA and RNA isolated from soybean
seedlings which were heat shocked (40 ° C) or treat-
ed with 2.4-dichlorophenoxyacetic acid (510 ug/
ml), low water potential (-6 bars of PEG 6000),
abscisic acid (0.4 mM), N, gas and KCI (250 mM).
Out of 500 transformants screened, four colonies
were selected which hybridized with cDNAs made
from all samples of ‘stress’ RNA (data not shown).
Two of these hybridized weakly to control cDNA,
but equally strong signals were obtained with the
different ‘stress’ cDNAs. These two clones were
subsequently shown to represent the same (or high-
ly homologous) sequence, and will be referred to
subsequently as clone pCE 54. Two additional col-
onies were selected which gave strong signals with
hs-cDNA, no signal with 28 ° C cDNA, and varying

signals with the ‘stress’ cDNAs (clones pCE 53 and
pCE 75). Clones pCE 53 and pCE 75 hybridized to
RNA of about 950 bases in length on northern blots
while clone pCE 54 hybridized to a slightly larger
band of RNA. The insert size of clone 54 was 540
base pairs, that of clone 53 about 325 base pairs and
clone 75 approached full length. These three clones,
along with the group isolated earlier (pFS 2005,
2019, 2033) (54) were used in subsequent northern
blot hybridization and hybrid selection analyses of
the various ‘stress’ RNAs.

Induction of stress-specific poly(A)RN A

The influence of a number of different stresses on
RNAs homologous to the five different hs cDNA
clones is presented in Fig. 1. A wide range of stress
agents induces low levels of RNAs homologous to
the group of clones reported in earlier hs studies
(54); yet the level of accumulation of these mRNAs
in response to this group of stresses is very small
relative to that induced by hs as noted in lanes 13
and 15 (Fig. 1A). Arsenite induces significant levels
of RN A homologous to clone 2005, but somewhat
lower than hs (Fig. 1B, lanes 2 and 6); much lower
levels of this RNA accumulate in tissue treated with
DNP and canavanine, with only trace or undetect-
able levels occurring in other treatments. A similar
pattern is seen for clone 53 (Fig. 1C) as for clone
2005, with arsenite inducing levels approaching

- that of hs (lanes 2 and 6) with lower to undetectable

levels accumulating in response to the other treat-
ments. Arsenite and hs cause the accumulation of
similar levels of poly(A)RNA hybridizing to clone
75 (Fig. 1D) with only trace or undetectable levels
occurring in response to the other stresses. All
stresses analyzed in this experiment caused the en-
hanced accumulation of poly(A)RNA hybridizing
to clone 54 (Fig. 1E).

Several metals which are known to be toxic to
plants at high levels were tested for their influence
on the accumulation of ‘hs-specific’ mRNAs (Fig.
2). Cadmium induced the accumulation of po-
ly(A)RNAs homologous to clones 53 (Fig. 2A), 75
(Fig. 2B) and 54 (Fig. 2C) to substantial levels in a
concentration-dependent manner (lanes 5,6 and 7);
in the case of clones 53 and 75, somewhat lower
levels of hybridizing RNA accumulated than in hs
tissue (lane 2). The other metals did not detectably
affect the concentration of those sequences (lanes 3,
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Fig. 1. Comparison of heat shock and other stresses on induction of hs mRNAs by northern blot analysis. One pg samples of
poly(A)RNA isolated from intact soybean seedlings after treatment as noted were electrophoresed on 2% agarose/6% formaldehyde
gels, blotted to nitrocellulose and hybridized to [32P]-labelled plasmids containing cloned cDNAs: A) pFS 2005, pFS 2019, pFS 2033,
pFS 2026; B) pFS 2005; C) pCE 53; D) pCE 75; E) pCE 54. The treatments:

A) 1 mM DNP, lane |;250 mM KCl, lane2;0.5 mM ABA, lane 3; 510 ug/ m12,4-D, lane 4; N, gas treatment, lane 5; 1 ° C cold shock, lane
6;-2 bars PEG, lane 7; -5 bars PEG, lane 8; -8 bars PEG, lane9; -11 bars PEG, lane 10; -14 bars PEG, lane 11; control 28 °C, lanes 12 and
14; heat shock 40 °C, lanes 13 and 15;

B) and E) control 28° C, lane I; heat shock 40° C, lane 2; 125 mM KCJ, lane 3;0.75 mM ABA, lane4; | mM DNP, lane 5; 100 uM sodium
arsenite, lane 6; 510 pg/ m12,4-D, lane 7; | mM canavanine, lane 8; | mM p-fluorophenylalanine, lane 9; 0.1 mM CoCl,, lane 10; N, gas,
lane 11; -5 bars PEG, lane 12; and additionally Fig. E control 28 °C, lane 13;

C) and D) control 28 °C, lanes | and 11; treatments in lanes 2 to 8 are identical with ones described for B and E, N, treatment, lane 9;
-5 bars PEG, lane 10.

Unless otherwise noted, treatments were for 2 h.

4, 8 and 9). With the possible exception of zinc, all
of the metals enhanced slightly the level of poly(A)-
RNA hybridizing to clone 54. Cadmium induced
clone 54 RNA to levels similar to hs and additional-
ly caused the accumulation of large amounts of a
higher molecular weight RN A; this result has been
obtained in repeated experiments (e.g. Fig. 3C)
under a number of conditions. It is also apparent
from Fig. 3A-F that cadmium induced the accumu-
lation of poly(A)RNAs homologous to all of the
cloned cDNAs used in these studies, although only
very low levels homologous to clones pFS 2019

(Fig. 3D) and especially to pFS 2033 (Fig. 3F) were
detected. A general summary of the influence of a
number of other potential stress agents on hs
mRNA levels based on northern blot analyses (data
not shown) is presented in Table 1.

Further analysis of poly(A)RNAs homologous to
clone 54

Clone 54 was used in northern blot hybridization
analyses to assess the influence of a number of stress
agents on the level of homologous poly(A)RNA
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Fig. 2. Heavy metal induction of heat shock specific RNA as
analyzed by northern blot hybridization. Poly(A)RNA was iso-
lated from soybean seedlings incubated with various heavy met-
als for 2 h, electrophoresed under denaturing conditions, blot-
ted to nitrocellulose, hybridized to [3?P]-labelled pCE 53 (A),
pCE 75 (B) and pCE 54 (C). Metal salts (Cl-) used were: alumi-
num 100 uM, lane 3; aluminum 250 uM, lane 4; cadmium
10 uM, lane 5; cadmium 100 uM, lane 6; cadmium 250 uM, lane
7; nickle 250 uM, lane 8; zinc 250 uM, lane 9. As controls 28 °C
RNA (lane 1) and hs RNA from seedlings incubated for 2 h at
40 ° C (lane 2) were used.

(Fig.4). Lane 1 represents hybridization to 28 ° C or
control poly(AJRNA and lane 2 to 40°C hs po-
ly(A)RNA asstandards of comparisonin Fig. 4 A-E.
Heat shock results in the accumulation of a high
level of hybridizing RNA above the 28 ° C control
level; the control level varies considerably from
experiment to experiment, resulting in about a 3- to
10-fold increase in different experiments in re-
sponse to hs. Anaerobiosis (Fig. 4A), water stress
(Fig. 4B), dinitrophenol (Fig. 4C), salt stress (Fig.
4D), high inhibitory concentrations of 2,4-D (Fig.
4E) and abscisic acid (Fig. 4F and G) all cause

A - pCE 53

.uﬂlm

B - pFs2005

E - pF52019
L]
F - pFs 2033

Fig. 3. Northern blot analysis of poly(A)RNA from soybean
seedlings treated with cadmium. One ug poly(A)RNA samples
electrophoresed on 2% agarose gel in denaturing conditions
were blotted to nitrocellulose filters and hybridized to nick
translated cDNA clones pCE 53 (A), pFS 2005 (B), pCE 54 (C),
pCE 75(D), pFS 2019 (E), pFS 2023 (F). Two h treatments were
as follows: control 28 °C, lane 1; heat shock 40°C, lane 2;
50 uM CdCly, lane 3; 100 uM CdCly, lane 4; 250 uM CdCl,, lane
5; 500 uM CdCl, lane 6.
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Table 1. Summary of the ‘stress’ induced accumulation of poly(A)RNAs homologous to hs-cDNA clones of soybean.

Treatment pFS 2005 pFS 2019 pFS 2033 pCE 75 pCE 53 pCE 54
Control 28°C2h - - - - - 1+
Heat shock40°C 2 h 10+ 8+ 5+ 5+ 10+ S5+
Arsenite 50, 100 uM 6+ 6+ 2+ 4+ 7+ 5+
CdCl, 500 uM 4+ 3+ 1+ 2+ 5+ 6+
2,4-D 510 ug/ml 1+ I+ NA I+ 1+ 5+
CyH4 10 ppm - - NA - - -
GA; | mM - - NA - - 2+
Kinetin | mM - - NA - - 2+
ABA 0.75 mM - - NA - - 5+
PEG -5 bars, -8 bars, 2 h ~ ~ NA - - 4+
KCl125 mM 2 h - - NA - - 4+
DNPImM2h 1+ 1+ NA 1+ T S+
Anaerobiosis (N,) T T NA NA NA 2+
CoCl; 10, 100, 250 uM - - NA - - 1+
NaF 10, 100, 1000 uM - 1+ NA - T 44
NaCN 10, 100, 1000 oM - - NA - T -
Canavanine 100 uM T T NA T 1+ 5+
pF®ALA - - NA - - 3+
Azetidine-2-COOH 500 uM 3+ 2+ NA NA NA 4+
AgCl; 250 uM T T NA T 1+ 1+
NiCl, 250 uM - - NA - - 1+
CuCl, 250 uM 2+ 1+ NA 1+ 1+ 1+

- = not detected.
NA = not analyzed.

+ = estimated relative level from northern hybridization analyses.

T = trace.

significant increases in the level of poly(A)RNA
homologous to clone 54. It is not known whether
the results obtained with PEG and KCl relate only
to effects on water relations or whether KCl relates
also to a more specific salt effect. While the level of
the RNA which accumulates in response to the
various stresses varies with time of treatment and
severity of the stress, all of these stress conditions
cause a several-fold increase of hybridizing RNA
above control levels, resulting in levels similar to
that induced by hs. The data presented in Fig. 4F
and G provide a comparative analysis of ‘dot’ hy-
bridization with the ‘northern’ hybridization for the
response to ABA. The two methods provide similar
results of the influence of ABA on the level of
poly(A)RNA homologous to clone 54. While a
more precise estimate of the (semi)quantitative ef-
fect of ABA on the concentration of this sequence
may be possible with the ‘dot’ analysis, a somewhat
higher level of confidence (to us at least) in the
specificity of hybridization is offered by the ‘north-
ern hybridization’. While ‘dot’ hybridizations were

made on other ‘stress’ RNAs, only ‘northern’ hy-
bridization data have been presented for the other
stresses and other cloned ¢cDNAs.

Since a wide range of stress agents led to an
enhanced accumulation of poly(A)RNA homolo-
gous to clone 54, this clone was used to hybrid select
that RNA to determine if similar proteins were
translated from those poly(A)RNAs. The hybrid-
ized RNA was then subjected to in vitro translation
in the wheat germ system. Figure 5 shows the 2D gel
pattern of the translation products of those hybrid
selected poly(A)RNAs isolated from tissue stressed
by a number of different agents. The two circled
spots represent endogenous translation products of
the wheat germ system used in these experiments.
The translation products of the hybrid selected
RNAs migrated as four 27 Kd protein spots (ar-
rows), one to the extreme left of the gels and the
other three migrating near the middle of the gels
(pH gradient from about 4 on left to 7.5 on right).
The translation products appear to be electropho-
retically identical for the RNAs hybrid selected
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Fig. 4. Northern and dot blot hybridization analysis of poly(A)*RNA from soybean seedlings stressed by various environmental
conditions. Poly(A)*RNA samples (1 ug) were electrophoresed on 2% agarose/ 6% formaldehyde gels, blotted to nitrocellulose filters
and hybridized to [32P}-labelled plasmid pCE 54. Control (28 ° C) and heat shock (40 ° C) poly(A)*RNA are shown in lanes I and 2,
respectively, on each northern blot unless otherwise stated.

Time course of anaerobiosis (A): 2 h, lane 3; 7 h, lane 4; 21 h, lane 5.

Low water potential (B): 2 h incubation at -2 bars PEG, lane 3; -5 bars PEG, lane 4; -8 bars PEG, lane 5; seedlings were incubated at
-5 bars PEG for 3 h, lane 6; 7 h, lane 7; 21 h, lane 8 or at -8 bars PEG for 3 h, lane 9; and 7 h, lane 10.

Dinitrophenol (C): seedlings were incubated for 15 min, lane 3; 30 min, lane 4; I h, lane 5; 2 h, lane 6, in medium containing | mM DNP or
increasing concentrations of DNP i.e. 2 mM, lane 7; 3 mM, lane 8; 4 mM, lane 9 for 2 h.

KCl treatment (D): 125 mM, lane 3; 250 mM, lane 4; 375 mM, lane 5; 500 mM, lane 6 for 2 h.

Auxin(2,4-D) treatment (E): intact seedlings were incubated in medium containing 510 ug/ ml of 2,4-D for 15 min, lane 3; 30 min, lane 4;
1 h, lane 5; 2 h, lane 6.

ABA treatment (F, G): heat shock, lane 1; control, lane 2; 0.25 mM, lane 3; 0.5 mM, lane 4; 0.75 mM, lane 5; 1 mM (lane 6).
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F#g. 5. 2D gelanalysis of in vitro translation products of hybrid-selected RN A. Translation products from total poly(A)RNA from40°C
hs tissue are shown in Fig. SA. RNA was hybrid selected by recombinant plasmid pCE 54 from total poly(A)RNA obtained from
seedlings stressed by: B, 40 ° C heat shock; C, 1 mM DNP; D, 510 ug/ml 2,4-D; E, -8 bars of PEG; F, anaerobiosis.

The hybrid released RNA was translated in virro in the S-30 wheat germ system. Proteins were separated on O’Farrell 2D gels. Markers
of molecular weight 92 500, 69 000, 46 000, 30 000, 12 300 daltons are shown on the left side of each gel. Circled spots identify major
endogenous S-30 wheat germ translation products. Arrows indicate translation products of hybrid selected poly(A)RNA.

from tissue treated with hs at 40 ° C(Fig. 5B), DNP
(Fig. 5C), 2,4-D (Fig. 5D), -8 bars PEG (Fig. 5E),
and anaerobic conditions (Fig. 5F). These same
translation products were seen in the 2D gel analy-
sis of total poly(A)RNA (Fig. 5A). A similar set of
27 Kd translation products was obtained when the
poly(A)RN As were hybrid selected from cadmium-
treated tissue (Fig. 6). Additionally, two major low
molecular weight translation products (double ar-
rows) were present on 2D gels from RNAs hybrid
selected from cadmium-treated tissues that were

not present in the other stress treatments (Fig. 5). (It
should also be noted that the circled endogenous
translation products of Fig. 5 are not present in Fig.
6 because of an appropriate micrococcal nuclease
treatment to degrade endogenous wheat germ
mRNAs not used in the earlier experiments (Fig.
5A-F)). These additional translation products may
relate to the additional poly(A)RNA band noted in
northern blots of RNA from cadmium-treated
tissue, although we have no direct evidence for this.
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Fig. 6. 2D gel analysis of in vitro translation products of poly(A)RNA hybrid selected from total poly(A)RNA from CdCl,-treated
tissue. RN A was selected by recombinant plasmid pCE 54 and translated in vitro in the S-30 wheat germ system. Proteins were separated
by 2-D O’Farrell gel electrophoresis. Molecular weight markers of 92 500, 69 000, 46 000, 30 000, 12 300 daiton are shown on the left side

of the gel.

Possible role of ethylene in the hs(stress) response

Ethylene production in plants increases signifi-
cantly above basal levels following stress from a
variety of sources including incubation in phyto-
toxic chemicals, especially cadmium (1, 17, 22),
supraoptimal auxin concentrations (11, 23), or an
osmoticum (49). In general, ethylene production
increases at temperatures up to 35 °C, but is com-
pletely prevented at higher temperatures (52, 62).
Although we did not measure the rate of ethylene
production, our hs-treated seedlings did show some
morphological characteristics of ethylene-treated
plants. Therefore, influence of exogenous ethylene
on the induction of poly(A)RNAs homologous to
hs-specific clones and on the induction of those
RNAs by hs was assessed (Fig. 7). The data present-
ed inlanes 1-4 show that ethylene did not affect the
level of poly(A)RNAs homologous to clones 2005,
53,75 and 54 (Fig. 7). Further, the data presented in
lanes 5-7 (Fig. 7) demonstrate that ethylene or an
inhibitor of endogenous ethylene production, AVG
(63), had no effect on the hs-induced accumulation
of these RNAs.

Discussion

The data presented here demonstrate that a wide
range of stress agents, including a number of envi-
ronmental stresses often encountered by plants, in-
duce to varying extents the accumulation of po-
ly(A)RNAs which are also induced rapidly and to
very high levels by a heat shock treatment of soy-
bean seedlings (54). With only one or two excep-
tions (e.g. arsenite and possibly cadmium), the lev-
els of poly(A)RNA which accumulate during these
short term ‘stress’ treatments are relatively low
compared to the level found in hs tissue for the
group of hs cDNA clones used in these experiments
(clones 2005, 2019, 2033, 53 and 75); in many cases
detectable levels were not even induced. Thus, such
common environmental stresses such as water
stress, salt stress, anaerobiosis and several heavy
metals do not mimic hs in inducing similar levels of
the same mRNAs and hs proteins. Arsenite and
cadmium do induce significant levels of the other hs
mRNAs in contrast to most of the other ‘stresses’
tested. The exception to these observations on the
variable and low level induction of poly(A)RNAs
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Fig. 7. Relationship of ethylene to the heat shock response of
soybean seedlings as investigated by northern blot hybridization
analyses. Soybean seedlings were incubated in buffer A with
ethylene (10 ppm) and/or air mixture bubbling through the
solution. Poly(A)RNA was electrophoresed on 2% agarose/ 6%
formaldehyde gels, and after blotting to nitrocellulose filters
hybridized to pFS 2005 (A), pCE 53(B), pCE75(C), pCE 54(D).
Treatments were as follows: 28 © C with an air flow through the
incubation solution, lane |; the same as lane 1 plus 10 uM AVG
in the incubation medium, lane 2; ethylene and air flow through
the medium, lane 3; ethylene and air flow through the standard
incubation mix containing 10 uM AVG, lane 4; 40 °C with air
flow, lane §; 40 °C with air flow through medium containing
10 uM AVG, lane 6; the same as lane 6 except that AVG concen-
tration was 100 uM, lane 7.
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homologous to hs cDNA clones relates to the re-
sults obtained when clone 54 was used as the ra-
dioactive hybridization probe in northern blot hy-
bridization analyses. In contrast to the other cloned
cDNAs noted above, control (presumably unstress-
ed) tissues contained significant and somewhat
variable levels of poly(A)RNAs homologous to
clone 54. Heat shock and most of the other stresses
analyzed here simply caused a 3- to 10-fold increase
in the concentration of the poly(A)mRNAs hybrid-
izing to clone 54. Of the many agents tested (see
Table 1) only a small number did not significantly
affect the relative level of RNAs hybridizing to
clone 54. Additionally, cadmium induced the ac-
cumulation of a second higher molecular weight
poly(A)RNA which hybridized to clone 54 along
with the increased level of the normal band of po-
ly(A)RNA (that which translates into the group of
27 Kd proteins). Thus clone 54 is unique among the
hs clones used in our work. First, RN As homologous
to this cloned sequence are present in all control
(non-stressed) soybean tissue analyzed to date and
second, most ‘stress’ agents induce the accumula-
tion of these RNAs to levels near the hs-induced
level. The physiological significance of these obser-
vations is not known. It seems possible, however,
that the 27 Kd proteins, or their gene family, are
somehow involved in sensing stress or in modulat-
ing the cellular response to stress. These appear to
be soluble proteins and not a part of the family of hs
proteins which relocalize within the cell in response
to hs and recovery from hs (29, 30). Their presence
in ‘unstressed’ tissues, however, makes it possible
that these proteins could be associated with the
early regulatory events induced by stress.

The working model when these studies were initi-
ated was that a regulatory mechanism(s) might
become operative in response to a wide range of
environmental (physical) stresses similar to the
one(s) which lead to the dramatic shift in patterns of
protein synthesis induced by hs (28) and anaerobio-
sis (51) in plants and known to function in Droso-
phila (3). While these responses share many com-
mon features as outlined in the introduction, the
actual 2D gel patterns of anaerobic and hs proteins
are quite different as likely are their functions (e.g.
28,51). The northern analyses presented here using
the cloned hs cDNAs show that anaerobiosis does
not induce significant levels of hs mRNAs, except-
ing the results with clone 54. However, a low rate of
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accumulation of these ‘hs mRNASs’ over an ex-
tended period of partial anaerobiosis might have
some physiological significance. The data do indi-
cate that the regulatory system(s) which causes the
transcription response to hs must in some way
‘sense’ the imposition of many of the ‘stresses’ used
in these studies since detectable levels (above con-
trols) of most of these mRNAs do accumulate. Yet
only arsenite and cadmium seem to elicit a sufficient-
ly large transcriptional response of the ‘hs genes’ to
have short term physiological significance; other
work (Lin, Roberts & Key, in preparation) shows
that the response to arsenite does have physiologi-
cal significance in that arsenite treatment leads to
the development of thermal protection to otherwise
non-permissive hs temperatures (e.g. 45 °C) sim-
ilarly to a40° C hs treatment (29, 30). The cadmium
response may be similar to that of arsenite but has
not yet been studied beyond the data presented
here.

As noted in the introduction, we have used hs
c¢cDNA clones to assess whether a wide range of
stress agents mimic hs in preference to amino acid
incorporation/ gel analysis of proteins, since amino
acid uptake is so dramatically reduced by many of
the stresses, thus the northern hybridization anal-
yses allow for a much more quantitative analysis of
the relationships. We do know, however, that clone
pCE 54 mRNAs are expressed in vivo in control
and hs tissues (e.g. 28, 30). The limited in vivo
analyses made to date on expression in vivo of clone
54 proteins do show significant expression of these
proteins along with high levels of amino acid incor-
poration into protein in arsenite- and 2,4-D-treated
tissues (unpublished data); the 27 kD band is a
dominant band after long exposures of the gels of in
vivo proteins from water stressed, anaerobic treat-
ed, and DNP-treated tissues where amino acid in-
corporation is exceedingly low, bringing into ques-
tion the over-all validity of the analyses. The
accumulated pCE 54 mRNAs from all of those
tissues are translatable in vitro, and likely so in vivo
as well. Additional studies of in vivo protein syn-
thesis will be made with a number of these stresses
in the near future.

An often raised question about the hs response in
plants relates to the possible role of ethylene in the
response. The data presented here indicate that eth-
ylene plays no obvious role in the hs response. It
may be, however, that enhanced ethylene produc-

tion is a consequence of hs since hs seedlings show
some characteristics of ethylene-treated soybean
seedlings.
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